C
hronic hyperglycemia is now recognized as a major etiological factor causing both micro-and macrovascular lesions associated with diabetes mellitus, including coronary, cerebrovascular, and peripheral atherosclerotic disease. 1, 2 One of the reported cellular mechanisms by which hyperglycemia damages the vasculature is via an upregulation of cell-surface adhesion molecule expression by endothelial cells (EC), 3, 4 a hallmark of EC activation. Such cellular responses facilitate adhesion and transmigration of leukocytes across the endothelium, leading to vascular inflammation and, hence, contributing to the initiation and progression of diabetic vascular diseases. 5 Despite hyperglycemiainduced EC activation being verified at both in vitro and ex vivo levels, 6 ,7 the precise molecular mechanism by which this phenomenon occurs remains undefined. However, the observation that the proinflammatory cytokines (such as tumor necrosis factor [TNF]-␣), known to be elevated in diabetic patients, especially whose with vascular complications, 8, 9 also cause EC activation similar to that induced by hyperglycemia may provide an insight into the potential mechanism.
We have previously reported that sphingosine 1-phosphate (S1P), together with the enzyme responsible for its formation, sphingosine kinase (SphK), plays a critical role in mediating EC activation and induction of adhesion molecules in response to TNF-␣ stimulation. 10 There is now ample evidence demonstrating that SphK/S1P is an important signal mediator in the regulation of EC function, including cell survival, proliferation, migration, and angiogenesis. [11] [12] [13] Especially relevant in this regard is the dual action of S1P, a lipid known to function both extra-and intracellularly. Extracellularly, S1P derived from activated platelets or other cells 14 acts via a family of G protein-coupled receptors, including S1P 1 to 4 and S1P 5 , on the surface of EC, leading to activation of phospholipase D, focal adhesion kinase, Ras, Rac, and Rho GTPase. 11 S1P has also been suggested to act as a second messenger participating in intracellular signaling cascades, such as calcium mobilization, extracellular signal-regulated kinase (ERK), and nuclear factor (NF)-B activation. 12 Such diverse and vital biological effects of S1P reveal a critical signaling role of S1P and, thus, of SphK in vascular biology. In the current study, we have demonstrated at both in vitro and in vivo levels that chronic hyperglycemia was capable of activating SphK, specifically, SphK1. Illustrating its functional importance, we have shown that the activation of the SphK-signaling pathway was critically involved in hyperglycemia-induced endothelial activation and the proinflammatory phenotype of EC.
Materials and Methods

Animals
Male Sprague-Dawley rats weighing 270 to 290 g were housed in a room under controlled temperature conditions (22°C) and 12-hour/ 12-hour light/dark cycles. Diabetes was induced by a single IP injection of streptozotocin (STZ) (80 mg/kg; Sigma-Aldrich). Control rats were injected with an equivalent volume of the vehicle only. After injection (24 hour), diabetes was diagnosed by the development of hyperglycemia (Ͼ14 mmol/L blood glucose). One-half of the diabetic rats were randomly selected to receive insulin treatment (Linplant, 1 implant/200 g body weight; LinShin, Ontario, Canada). Blood glucose levels were monitored every 4 days using Glucostix reagent strips (Boehringer Mannheim, Indianapolis, Ind). Two weeks after onset of diabetes, rats were killed for the study. All experiments were conducted in accordance with the PC-2 Procedure of the Institute of Medical and Veterinary Science and approved by the Animal Ethics Committee of the institution.
Cell Culture and Flow Cytometry Analysis
Human umbilical vein EC (HUVEC) and bovine aortic EC (BAEC) were routinely cultured as previously described. 15 In all experiments, EC ranging from passages 2 to 6 were used. For the experimental studies, EC were allowed to reach confluence in the regular growth media. Medium was then changed to: (1) Eagle's basal medium (Clonetics, Walkersville, Md) containing 1% FCS and 5.5 mmol/L glucose (normal glucose [NG]); (2) NG medium supplemented with additional glucose to a final concentration of 22 mmol/L (high glucose); or (3) NG medium containing 16.5 mmol/L L-glucose or mannitol. The expression of cell-surface adhesion molecules (vascular cell adhesion molecule [VCAM]-1, intercellular cell adhesion molecule [ICAM]-1, and E-selectin) was measured by flow cytometry analysis using a Coulter Epics Profile XL flow cytometer, as described previously. 10 Plasmids, Small Interfering RNA, and Transfection FLAG-tagged human wild-type SphK1 cDNA and the dominant negative SphK1 (SphK G82D ) were sub-cloned into pcDNA3 plasmids (Invitrogen, Melbourne, Australia) as previous described. 16 Chemical synthesized small interfering (siRNA) duplexes with 3Ј-fluorescein modification were purchased from Qiagen-Xeragon (Germantown, Md). The siRNA-targeted sequences were: AAGAGCTGCAAGGC-CTTGCCC (SphK1), AACCTCATCCAGACAGAACGA (SphK2), and AATTCTCCGAACGTGTCACGT (for a scrambled control siRNA). Transfection mediated by Lipofectamine 2000 (Invitrogen) or TransPass R2 (BioLabs) was performed in EC according to the protocols of the manufacturer.
Assays of SphK Activity and S1P Formation
As described previously, 10 SphK activity was routinely determined using D-erythro-sphingosine (Biomol, Plymouth Meeting, Pa) and [␥ 32 P]ATP (Geneworks, Adelaide, Australia) as substrates and defined as picomoles of S1P formed per minute per milligram of protein. The formation of S1P in vivo was measured in the permeabilized cells as previously described. 17 
Protein Kinase C Activity Assay
Cells were seeded in 24-well plates and exposed to the indicated treatments. Total protein kinase C (PKC) activity was then determined in permeabilized cells incubated with [␥ 32 P]ATP (10 mol/L, 5000 cpm/pmol) and the PKC-specific peptide substrate (RKRTL-RRL) as described previously. 18 The activity was quantified by scintillation counting and normalized to total protein levels.
Adherence of U937 Cells to EC
EC were seeded into 24-well plates and cultured with the indicated conditions. After washing the U937, cell suspension (10 4 cells/well) was added on the monolayers of EC and incubated for 30 minutes at 37°C. Nonadherent cells were removed by rinsing the plates 3 times, and the number of adherent cells was then counted under microscopy with at least 6 fields per well culture being quantified.
Electrophoretic Mobility Shift Assay
Nuclear extracts were prepared from EC with the indicated treatment. The probe of double-stranded oligonucleotides used was 5Ј-GGATGCCATTGGGGATTTCCTCTTTACTGGATGT-3Ј, which contains a consensus NF-B binding site (underlined) in E-selectin promoter. Gel mobility shift of a consensus NF-B oligonucleotide was performed by incubating a 32 P-labeled NF-B probe with 4 g of nuclear proteins as described previously. 10 The specific DNA-protein complexes were completely abolished by addition of a 50-fold molar excess of unlabeled E-selectin NF-B oligonucleotides.
Statistical Analysis
Data are expressed as meanϮSEM, and n indicates the number of experiments. Unpaired Student t tests were used for comparison between 2 groups. For multiple comparisons, results were analyzed by ANOVA followed by the Dunnet test. A value of PϽ0.05 was considered statistically significant.
Results
Effect of Hyperglycemia on SphK Activity in STZ-Induced Diabetic Rats
To examine whether SphK is involved in hyperglycemic damage on vasculature, SphK activity in vascular tissues from STZ-induced diabetic rats was measured 2 weeks after onset of diabetes. As shown in Figure 1 , SphK activity was significantly increased by 42% (PϽ0.05) in the aorta and 68% (PϽ0.01) in the heart of diabetic rats compared with samples taken from control animals. The institution of glycemic control with the use of an insulin pump achieved near euglycemia within several hours, which correlated with a significant reduction in SphK activity in both the aorta and heart from diabetic rats (Figure 1 ), suggesting that the increased SphK activity is likely attributable to hyperglycemia.
Effects of High Glucose on SphK Activity in EC
To confirm the potential effect of hyperglycemia on SphK activity, established cell-culture models were used. HUVEC or BAEC cultured in high glucose (22 mmol/L) media for 3 days resulted in a 60% and 70% increase in SphK activity, respectively, compared with the cells cultured under NG conditions (PϽ0.01) ( Figure 2A ). Consistent with the increases in enzyme activity, intracellular S1P production was increased by Ϸ50% in both HUVEC and BAEC exposed to high glucose ( Figure 2B ). However, there was no significant change in SphK activity when cells were exposed to high glucose for Ͻ48 hours (data not shown), indicating that long-term exposure to high glucose is required for SphK activation in EC. Serving as a control, neither mannitol nor L-glucose at 22 mmol/L had any significant effects on SphK activity in HUVEC or BAEC, ruling out a possible influence of osmotic stress.
High Glucose-Induced SphK Activity Mediates EC Activation
Given the effect of high glucose on SphK activity in EC, we sought to determine the functional consequences of SphK activation induced by high glucose. In agreement with our previous report, 15 exposure of HUVEC to high glucose for 3 days resulted in significant increases in the cell-surface expression of VCAM-1, ICAM-1, and E-selectin by 3.1-, 2.7-, and 4.2-fold, respectively ( Figure 3A) . Interestingly, high glucose-induced increases in VCAM-1, ICAM-1, and E-selectin expression were completely abolished in the presence of NЈNЈ-dimethylsphingosine (DMS), a specific inhibitor of SphK, at a concentration of 2.5 mol/L ( Figure 3A ). At this low concentration, DMS was capable of inhibiting high glucose-induced SphK activity, whereas no inhibitory effect on PKC activity was detected ( Figure 3B ), which concurs with the previous report showing the specificity of inhibition by DMS. 19 Collectively, these results suggest a critical involvement of SphK activity in EC activation that results from long-term high-glucose exposure.
SphK Activation Is Required for the High Glucose-Induced Proinflammatory Phenotype of EC
To further verify the role of SphK in mediating high glucoseinduced EC activation, BAEC were stably transfected with wild-type human SphK1 (SphK WT ) or a point mutation of SphK1, SphK G82D . Despite SphK WT -transfected BAEC having a 10-fold higher basal level of SphK activity ( Figure 4A ), cells cultured with high glucose resulted in a further increase in SphK activity to a similar extent (Ϸ70%) to that seen in the parental cells or the cells transfected with empty vector alone. This indicates that the transgenes of SphK1 are functionally expressed in BAEC and are readily activated in response to high glucose. In contrast, no SphK activation was observed in the cells expressing SphK G82D under high glucose conditions ( Figure 4A ), confirming the dominant-negative role of SphK G82D in the transfected BAEC. Given the possible involvement of SphK in high glucoseinduced adhesion molecule expression as reported above, we then examined the interaction of EC with leukocytes to test a pathophysiological relevance of the phenomenon. In agreement with our previous report, 15 high-glucose treatment resulted in a significant increase in the adherence of leukocytes to EC ( Figure 4C) . Interestingly, the number of leukocytes adhering to high glucose-stimulated BAEC was markedly enhanced by overexpression of SphK WT , whereas it was attenuated in the cells expressing SphK G82D ( Figure 4C ), further supporting a role for SphK activation in mediating the high glucose-induced EC proinflammatory phenotype.
SphK1 Is Responsible for the SphK-Mediated EC Activation Under High-Glucose Conditions
As 2 human SphK isoforms (SphK1 and SphK2) exist, it is necessary to determine which isoform (or both) is involved in the high glucose-induced SphK activity and EC activation. To this end, we used siRNA to specifically downregulate either SphK1 or SphK2 expression in HUVEC. Endogenous SphK1 or SphK2 levels were reduced by 81% or 78% following treatment with SphK1-or SphK2-specific siRNA, respectively ( Figure 5A and 5B). The specificity of these siRNAs was demonstrated by their inability to inhibit the alternative isoform of SphK and the control gene, cyclophilin. High glucose-induced increases in both SphK activity and adherence of leukocytes to EC were almost completely blocked by SphK1-specific siRNA ( Figure 5C and 5D) . Interestingly, SphK2-specific siRNA had no significant effect on the high glucose-induced increases in either SphK activity or the adherence of leukocytes to EC, albeit the baseline SphK activity was decreased by the SphK2 siRNA ( Figure 5 ). Taken together, these results not only indicate that SphK1 is most likely to be responsible for the high glucose-induced increases in SphK activity but also suggest a key role for endogenous SphK1 in mediating EC activation under high glucose conditions.
Effect of S1P Receptors on SphK-Mediated EC Activation
The biological consequences of SphK activation rely on the production of S1P, which functions either extracellularly (ie, through S1P receptors) or intracellularly. To verify whether S1P receptors are involved in the SphK-mediated EC activation induced by high glucose, we used pertussis toxin (PTX), an inhibitor of G i proteins, which has previously been shown to block the majority of S1P receptors in EC. 21 As shown in Figure 6A , treatment of HUVEC with PTX resulted in only partial inhibition of the high glucose-induced expression of VCAM-1, ICAM-1, and E-selectin by 30%, 42%, and 35%, respectively, in comparison with the untreated cells. The number of leukocytes adhering to the high glucose-stimulated EC was also partially reduced by PTX ( Figure 6B ). To further investigate a possible role for S1P receptors, we treated HUVEC with S1P, lysophosphatidic acid (LPA), or dihydro-S1P (sphinganine-1-phosphate), a S1P analogue that has no significant intracellular effects. 22 S1P and LPA caused an increase in E-selectin expression to similar extents, whereas dihydro-S1P had no effect on E-selectin expression ( Figure 6C ). Interestingly, PTX completely inhibited LPAinduced E-selectin expression, although it only partially inhibited the effect of S1P (32%) ( Figure 6C ). Taken together, these results suggest that the intracellular effects of S1P may account chiefly for the SphK-dependent EC activation induced by high glucose.
PKC and ERK1/2 Mediate High Glucose-Induced SphK Activation
The ability of high glucose to activate PKC in EC has been well documented. 23 Previous studies with HEK 293 cells have suggested a role for PKC in mediating SphK activation. 24 We therefore examined a potential role for PKC in the high glucose-induced SphK activation. As shown in Figure 7A , treatment of HUVEC with a PKC-specific inhibitor, GF109203X, resulted in a 50% attenuation of the high glucose-induced increases in SphK activity. More recently, we have demonstrated that ERK1/2 were capable of directly activating SphK1 via the enzyme phosphorylation. 25 Indeed, Figure 5 . SphK1 is responsible for the high glucose-induced SphK activity and EC activation. HUVEC were transfected with SphK1, SphK2, or control siRNA (si-SphK1, si-SphK2, or si-Ctl, respectively), followed by incubation with NG or high glucose (HG) for 3 days. Then, mRNA levels of SphK1, SphK2, and cyclophilin (Cycl) were determined by RT-PCR (A) and quantitated by the ratio of SphK1 or SphK2 to Cycl mRNA levels (B). SphK activity (C) and adherence (D) of U937 cells to the siRNA-treated HUVEC was determined as described in Figure 4 . Data are meanϮSD from 1 experiment and representative of at least 3 independent experiments. *PϽ0.01. Figure 6 . Role of Gi proteins in the SphK-mediated endothelial phenotype. HUVEC were incubated for 3 days with NG, high glucose (HG), or HG in the presence of PTX (50 ng/mL) for 24 hours (HGϩPTX). Then, the cell-surface adhesion molecule expression (A) and leukocyte adhesion (B) were determined. C, E-selectin expression was assayed in HUVEC treated with 5 mol/L S1P, LPA, dihydro-S1P, or vehicle alone for 6 hours in the presence or absence of PTX. Data are meanϮSEM (nϭ5). *PϽ0.01, †PϽ0.05 vs cells without PTX treatment. cells exposed to high glucose resulted in a significant increase in SphK1 phosphorylation ( Figure 7B ). Serving as a control, SphK1 was phosphorylated in response to phorbol 12-myristate 13-acetate stimulation in EC. In addition, treatment with GF109203X or specific inhibitors of the ERK1/2 signaling (PD98059 or U0126) almost completely prevented high glucose-induced SphK1 phosphorylation and activation (Figure 7B) , suggesting an important role for PKC and ERK1/2 in mediating SphK1 activation in EC exposed to high glucose.
High Glucose-Induced NF-B Activation Is Dependent on SphK Activity
High glucose has been shown to activate the transcription factor NF-B, 3 which is a key transcriptional regulator of a number of proinflammatory genes, including adhesion molecules. 26 Using electrophoretic mobility shift assays we showed that treatment of EC with high glucose resulted in a significant increase in NF-B DNA-binding activity ( Figure  8 ). Remarkably, in the presence of the SphK-specific inhibitor DMS, high glucose-induced NF-B activation was completely inhibited (Figure 8, lane 3) . Furthermore, high glucose was incapable of activating NF-B in the BAEC stably expressing SphK G82D ( Figure 8, lane 8) . Serving as a control, SphK G82D had no effect on the S1P-induced NF-B activation ( Figure 8, lane 9) . Together, these data indicate an important role for SphK activity in EC to mediate high glucose-induced NF-B activation.
Discussion
Activation of SphK has emerged as an important signaltransduction pathway in regulating a variety of physiological and pathophysiological processes, including vascular maturation, cardiac development, angiogenesis, and vascular inflammation (reviewed by Hla et al 11 and Spiegel et al 12 ). The present study, for the first time, demonstrates a potential role for SphK in mediating hyperglycemia-induced endothelial damage associated with diabetes. In STZ-induced diabetic rats, SphK activity was significantly increased in cardiovascular tissues (aorta and heart). When euglycemia was achieved with insulin treatment in the diabetic rats, the increased SphK activity was completely prevented, suggesting that the increased SphK activity was most likely attributable to hyperglycemia. This notion was further supported by the in vitro studies showing a direct effect of high glucose on SphK activation in vascular EC, whereas insulin itself has no inhibitory effect on the enzyme activity in vitro (data not shown). Incubation of either HUVEC or BAEC with long- Figure 7 . Effect of PKC and ERK on high glucose-induced SphK activity. A, HUVEC were exposed to NG or high glucose (HG) for 3 days. SphK activity was measured after treatment for 30 minutes with or without GF109203X (GFX) (5 mol/L), PD98059 (PD) (10 mol/L), or U0126 (U0) (2 mol/L). Data are meanϮSEM (nϭ6). *PϽ0.01, †PϽ0.05 vs HG alone. B, The SphK WT -transfected BAEC were incubated for 3 days with NG or HG followed the same treatment as in A; phosphorylated SphK1 (pho-SphK1) was then determined by immunoblot assays with specific anti-phosphorylated SphK1 antibodies. Bottom, An equal level of SphK1 expression in the transfected BAEC is shown. term high-glucose exposure resulted in profound increases in not only SphK activity, but also production of S1P. Furthermore, the nonmetabolizable L-glucose or mannitol at 22mmol/L failed to activate SphK, indicating a specific effect of hyperglycemia, may principally be attributable to the surplus cellular metabolites of D-glucose within the cells.
The recognition that inflammation within the vascular wall is present at all stages of atherosclerotic cardiovascular diseases including diabetic complications, has highlighted an essential role for EC activation in mediating this pathophysiological process. 27 The induction of various EC-surface adhesion molecules is now well recognized as a key cellular phenomenon that initiates and facilitates vascular inflammation leading to the development of atherosclerotic lesions. 5 For instance, the expression of VCAM-1, ICAM-1 or E-selectin has been observed not only in regions that are prone to atherosclerosis development but also in fatty streaks, and is likely, at least in part to be responsible for the recruitment of monocytes to these areas. 28 Furthermore, a variety of atherogenic stimuli such as oxidized low-density lipoproteins and a number of proinflammatory cytokines have been shown to stimulate EC adhesion molecule expression. 5 Hyperglycemia is also capable of inducing a hyper-adhesive endothelium 3, 15 that facilitates the interaction with leukocytes triggering inflammatory reactions within the vascular wall. Previously, we have demonstrated that SphK is an important regulator of the induction of adhesion molecules in EC. 10, 29 Having demonstrated the ability of hyperglycemia to cause SphK activation, a potential role of SphK in hyperglycemiainduced EC activation was suggested. Indeed, long-term exposure of EC to high glucose resulted in significant increases in VCAM-1, ICAM-1, and E-selectin expression, as reported previously. 15 Increased expression of these proinflammatory adhesion molecules were completely reduced to basal levels by the coadministration of a specific SphK inhibitor, DMS, at a concentration of 2.5 mol/L. DMS has been reported to inhibit PKC activity when used at Ͼ20 mol/L. 30 We sought to determine whether the observed inhibitory effect of DMS was attributable to a possible inhibition of PKC. As shown in Figure 3B , whereas DMS completely abolished the high glucose-induced increase in SphK activity, the increased PKC activity was not affected when the cells were treated with DMS at 2.5 mol/L. This not only confirms the specificity of DMS as reported previously, 19 but also indicates a specific role for SphK in mediating the adhesion molecule expression induced by high glucose.
In a further characterization of the functional significance of hyperglycemia-induced increases in SphK activity, the interaction of EC with leukocytes was investigated in BAEC stably overexpressing SphK WT or a dominant-negative mutant, SphK G82D . Under NG conditions, adhesion of U937 cells to EC was markedly increased by overexpression of SphK WT ( Figure 4C ), supporting our previous findings that SphK is involved in the regulation of endothelial adhesion to leukocytes. 10, 29 In addition, consistent with our previous report, 15 high-glucose treatment resulted in a significant increase in the adherence of leukocytes to EC. Remarkably, by blocking high glucose-induced SphK activation without alterations in the baseline SphK activity, SphK G82D profoundly inhibited the adherence of leukocytes to the EC exposed to high glucose ( Figure 4C ). Moreover, the experiments with siRNA that specifically downregulated the expression of SphK1 and SphK2, the 2 isoforms of human SphK that account for total cellular SphK activity, demonstrated that endogenous SphK1, but not SphK2, is the key isoenzyme that is activated in response to high-glucose treatment ( Figure 5 ). It is noteworthy that although SphK2 siRNA caused a decrease in the basal SphK activity, it had no effect on the high glucoseinduced increases in SphK activity. These results, together with the experiments using SphK G82D , strongly indicate that the activation of SphK1, but not basal SphK activity, is critical for the SphK-mediated proinflammatory phenotype of EC under ambient high-glucose conditions.
The biological consequences of SphK activation rely on the actions of its product, S1P, which functions mainly through the receptors, including S1P 1 to 4, and S1P 5 . These receptors are coupled with different G proteins: S1P 1 and S1P 4 couple mainly to Gi; both S1P 2 and S1P 3 activate G i , G q , and G 12/13 ; and S1P 5 is coupled to G i/o and G 12/13 . 21 As PTX is a specific inhibitor of G i , the majority of S1P receptors are indeed sensitive to PTX. 21 Interestingly, in the presence of PTX, high glucose-induced adhesion molecule expression and the adhesion of leukocytes were attenuated by Ϸ30% (Figure 6 ) but to a much lesser degree than that observed following DMS administration (Figure 3) . It is thus suggested that a G i protein-coupled S1P receptor-independent action of S1P could contribute to the SphK-dependent EC activation. Exploring this idea further, we examined the bioactivity of S1P on EC, as characterized by changes in E-selectin expression. Effects of S1P on EC were also compared with other lysophospholipids that are structurally similar to S1P, such as LPA and dihydro-S1P. Interestingly, despite binding to different G protein-coupled receptors, LPA had an effect similar to that of S1P on the induction of E-selectin expression ( Figure 6C ). However, unlike S1P, LPA coadministration with PTX completely abrogated the LPA-induced E-selectin expression. This is in agreement with previous studies showing that the action of LPA on EC is solely dependent on its membrane receptors in a PTX-sensitive manner. 11 In addition, treatment of EC with dihydro-S1P, a S1P analogue that can specifically bind to and activate S1P receptors, 22 had no effect on E-selectin expression. Taken together, these results suggest that the intracellular mechanisms may account chiefly for the SphK-dependent proinflammatory signaling in EC exposed to high glucose, albeit the direct molecular targets of S1P remain to be identified. However, because of the heterogeneity and complexity of S1P receptors, a possible contribution of these receptors in the high glucose-induced SphK-dependent EC activation requires further investigation.
Further insight into the potential mechanism leading to SphK1 activation initially came from a study we reported recently, 25 demonstrating that ERK1/2-mediated phosphorylation is essential for SphK1 activation. Indeed, EC exposed to high glucose resulted in an increase in SphK1 phosphorylation. Treatment with PD98059 or U0126, acting specifically on ERK kinase 1 to block ERK1/2 activation, attenuated the high glucose-induced increases in SphK1 phosphoryla-tion and the enzyme activity, indicating a prominent role for ERK1/2. In addition, the observation that inhibition of PKC by GF109203X partially, but significantly, inhibited the high glucose-induced SphK activity suggests the involvement of PKC in the activation of SphK1. This agrees with a previous report showing a potential role for PKC in activating SphK1. 24 However, in light of our recent work, a direct role for PKC in SphK1 activation appears unlikely, with its reported minor effect on SphK1 activity in vitro. 25 Additionally, inhibition of ERK1/2 was able to completely block phorbol 12-myristate 13-acetate-induced SphK activation, suggesting that the PKC-promoted SphK activation is dependent on ERK1/2 activation. 25 Indeed, ERK1/2 activation has been suggested to be involved in the high glucose-activated PKC-signaling pathway and to contribute to the hyperglycemic damage on vasculature. 31 NF-B is a master transcriptional factor that regulates a number of inflammation-related genes, including EC adhesion molecules. 26 As already reported, vascular tissues from diabetic patients as well as cultured cells exposed to high glucose show increased binding activity of NF-B to promoter regions of many inflammatory genes. 26, 31 However, the precise molecular mechanism for glucose-induced NF-B activation remains unclear. We have previously demonstrated that SphK activation is required for NF-B activation induced by TNF-␣ and that S1P is indeed a potent activator of NF-B. 10,32 Herein, we provide evidence showing that high glucose-induced NF-B activation was markedly inhibited by DMS administration or expression of SphK G82D in EC. Additionally, treatment of EC with S1P, mimicking the effect of high glucose, resulted in a significant increase in NF-Bbinding activity. Whereas the high glucose-induced NF-B activity was blocked by SphK G82D , S1P-induced NF-B activation was fully reserved in the SphK G82D -transfected cells (Figure 8 ). Thus, these findings not only reaffirm a role for SphK/S1P in the activation of NF-B, but also suggest that NF-B activation may serve as an important downstream signaling component of the SphK-mediated endothelial activation and the proinflammatory phenotype of EC under ambient high-glucose conditions.
In conclusion, our findings demonstrate that hyperglycemia activates a new signal-transduction pathway triggered by SphK1 activation, leading to NF-B activation, adhesion molecule expression, and the endothelial proinflammatory phenotype, all of which are key events responsible for the development of vascular lesions associated with diabetes. Thus, this study provides a novel mechanistic explanation for the hyperglycemic damage on the vasculature and might ultimately allow the creation of a new strategy that limits the actions of this pathway for the prevention and treatment of diabetic vascular diseases.
